Using a long-term data set (1989)(1990)(1991)(1992)(1993)(1994)(1995)(1996)(1997)(1998)(1999), we examined how changes in abundance of 2 ecologically dominant species, prairie voles (Microtus ochrogaster) and hispid cotton rats (Sigmodon hispidus), affected the local diversity of a grassland rodent community at varying temporal scales. Species richness was associated positively with long-term fluctuations in the abundance of prairie voles and cotton rats over the 10-year period. Although increased vole densities consistently had a significantly negative effect on total community evenness, evenness of other community members was unaffected by fluctuating vole densities. Presence of cotton rats negatively affected both the relative abundance of other community members and the species richness during the years of high density (1991)(1992)(1993)(1994)(1995), but did not exhibit longer-term influences. Thus, despite their numerical dominance, changes in prairie vole abundance had little ecological effect on the rest of the community, whereas the influence of cotton rats was density-and temporally dependent.
Dominant species (both numerically and competitively) can have strong influences on community structure and diversity (Andersen 1992; Anthony et al. 1981; Batzli 1985; Heske et al. 1994; Huston 1979; McNaughton and Wolf 1970; Valone and Brown 1995) . One of the clearest examples of dominant species influencing community structure, and ultimately diversity, is found in desert granivore systems (Heske et al. 1994; Valone and Brown 1995) . When individuals of 3 species of kangaroo rats (Dipodomys) were removed from a site in the Chihuahuan Desert, other granivorous species increased in number through higher colonization and lower extinction rates (Valone and Brown 1995) . These effects were more prevalent on those members that * Correspondent: mjbrady@lcsc.edu shared niche requirements with the dominant species, whereas species with little niche overlap were unaffected (Valone and Brown 1995) . Given these strong effects on the composition of the community, dominant species should also have predictable effects on community diversity. If dominant species either competitively exclude or affect the abundance of other species, then community diversity should be affected directly by changes in the abundance of dominant species (Andersen 1992; Anthony et al. 1981; Heske et al. 1994; Valone and Brown 1995) .
Microtine rodents are typically the numerically dominant species in small-mammal communities throughout the grassland habitats of central and northern Great Plains (Grant and Birney 1979; Rose and Birney 1985) . Consequently, they could modify the community structure either through direct interactions with other species (Batzli 1968 (Batzli , 1985 Rose and Birney 1985) or indirectly by altering the vegetative composition of the habitat (Rose and Birney 1985; Stalling 1990) . Accordingly, microtine rodents may play an important role in determining community diversity (Rose and Birney 1985) . For example, Anthony et al. (1981) suggested that a negative correlation between density of meadow voles (Microtus pennsylvanicus) and small-mammal diversity in old-field communities was a result of the increased competitive impact of voles at higher densities. Other studies in grassland habitats have also shown that microtines either competitively exclude or negatively impact the population dynamics of other sympatric rodent species (Blaustein 1980; Diffendorfer et al. 1996; Gaines et al. 1992; Grant 1972; Heske et al. 1984; Redfield et al. 1977; Swihart and Slade 1990) .
The prairie vole (Microtus ochrogaster) is the numerically dominant species in grassland habitats throughout its geographic range (Stalling 1990) , and can negatively impact populations of sympatric rodent species in northeastern Kansas (Diffendorfer et al. 1996; Gaines et al. 1992; Swihart and Slade 1990) . Given their high relative abundance, fluctuating population densities, and interspecific interactions, we hypothesized that prairie voles would exert strong influences on rodent community diversity. Because numerical dominance can be related to competitive dominance (Anthony et al. 1981; McNaughton and Wolf 1970) , increases in prairie vole abundance would lead to decreased community diversity through the exclusion or lowered abundance of other community members.
Hispid cotton rats (Sigmodon hispidus) are recent immigrants to the central Great Plains (Cameron and Spencer 1981) , and relatively large-bodied members of the rodent community in northeastern Kansas. Because of their influence on the spatial and temporal activity of prairie voles Slade 1980a, 1980b; Prochaska and Slade 1981; Terman 1974) , cotton rats could affect the local diversity either directly through interaction with other community members or indirectly through their interactions with voles. The 1st scenario predicts a negative association between community diversity and cotton rat abundance, while the 2nd predicts a positive association, if cotton rats interact only with voles, and if voles have a negative effect on the rest of the community. A positive association could be realized if cotton rats suppress vole numbers, which in turn would relax the competitive pressure of voles at high densities. However, if voles do not interact with other community members, then changes in cotton rat abundance would not indirectly influence community diversity at all.
Diversity of a community can be measured either by number of species present (species richness) or with indices that incorporate richness and distribution of individuals among the species present (evenness or equitability; Krebs 1989) . Both richness and evenness can be affected by interactions among species, leading to changes in diversity. Changes in species richness are most likely due to interactions among species, such as exclusion of a subordinate species at high densities of a dominant species. Changes in evenness, however, may be a result either of interactions among species or of changes in the abundance of numerically dominant species independent of interactions. However, most studies have used diversity indices that combine both richness and equitability (e.g., Simpson index and Shannon-Weiner index) and, hence, did not determine directly the mechanism behind the relationship between abundance of numerically dominant species and changes in diversity (Anthony et al. 1981) . When a species becomes very abundant, it reduces the relative abundance (without necessarily reducing absolute abundance) of other community members, resulting in a lower measure of evenness. Hence, diversity can de-crease in the absence of any effect on other community members. In order to determine whether changes in diversity are a result of interactions among species or fluctuations in abundance independent of potential interactions, evenness needs to be calculated while excluding the ecologically dominant species, so all that remains is a measurement of evenness of the subordinate species. Such a measurement of evenness, along with species richness, could lead to a better understanding of the mechanism behind the relationship between ecologically dominant species and community diversity.
The temporal scale at which an ecological system is characterized can affect the interpretations of ecological patterns and processes (Farnsworth 1998; Menge and Olson 1990) . It is, therefore, necessary to assess (whenever possible) the effect that temporal scale has on interpretations of ecological processes. Short-term studies (2-4 years) may be insufficient to reveal community-wide patterns (Bohning-Gaese et al. 1994; Holmes et al. 1986; Weins 1977) , while long-term studies may miss the patterns occurring at smaller temporal scales (i.e., seasonal). Long-term data sets present the opportunity to explore this issue. Given the paucity of long-term studies of mammalian communities (Brown and Heske 1990; Diffendorfer et al. 1996; Heske et al. 1994; Meserve et al. 1999; Swihart and Slade 1990; Valone and Brown 1995) , it is difficult to assess the ramifications of temporal scale on the interpretation of results. Our study used trapping records over a 10-year period, providing the opportunity to analyze and interpret results at varying temporal scales.
This study had 3 objectives. First, we examined the role of the abundance of prairie voles and cotton rats in measures of community diversity. Given their numerical and behavioral dominance, respectively, we predicted that both species would affect community diversity. Second, we determined how these species affect diversity, examining whether numerically dominant species exclude other species entirely or simply alter the abundance of other community members. The final objective was to assess the effect of temporal scale on interpretation of these patterns.
MATERIALS AND METHODS
Study site.-A 2.25-ha grid was established in early successional, old-field habitat on the Nelson Environmental Study Area 14 km NE (by road) of Lawrence, Kansas, in 1973. The vegetation in the old field consisted of a mixture of grasses (Andropogon gerardii, Bromus inermis, Poa pratensis, and Setaria) and herbs (Solidago canadensis and Asclepias) with patches of woody species (e.g., Cornus drummondii). The grid was mowed irregularly to maintain an early stage of succession. Slade (1980a, 1980b) and Swihart and Slade (1990) provide detailed descriptions of the study site. Trap stations were arranged 15-m apart in a configuration of about 10 by 10, with 2 noncollapsible Sherman live traps (7.62 by 8.89 by 30.48 cm) per station. Two traps were placed at each station to reduce trap saturation by 1 species, which could have biased the population estimates of other resident species.
Data set.-The data consisted of monthly trapping records for 6 rodent species (S. hispidus, M. ochrogaster, Peromyscus leucopus, P. maniculatus, Reithrodontomys megalotis, and Synaptomys cooperi) for a 10-year period (April 1989 -March 1999 . We excluded data collected before April 1989 when population estimates for only prairie voles and cotton rats were calculated. Traps were checked on 3 consecutive mornings and the 2 intervening afternoons every month, except in January 1993 and 1997 when inclement weather prevented trapping. Individual animals were marked with either a numbered ear tag (Monel #1; cotton rats) or a toe clip (the other 5 species), and their location on the grid, age, sex, and reproductive status were recorded. We calculated the abundance estimates from these trapping records, using the heterogeneity model (model h), which assumed individual variation in capture probability, from the program CAPTURE (White et al. 1982) .
When the recapture rate is low, the program CAPTURE may produce an estimate with a large standard error or no estimate at all (White et al. 1982) . Instances of missing estimates ex-isted in this data set for every species except prairie voles, resulting in gaps in our series of population estimates. Consequently, we ran linear regressions with estimated population size as the response variable and number of captures as the predictor variable for each species to provide estimates for these cases (Diffendorfer et al. 1996; Slade and Blair 2000) . Only trapping periods with reliable estimates of abundance were used to derive regression equations, which were then used to predict estimates for those trapping periods with missing or highly variable estimates.
We then used abundance estimates to calculate the total community evenness, using the Shannon-Weiner index for evenness (JЈ), which is simply Shannon-Weiner diversity (HЈ) divided by the log number of species (JЈ ϭ HЈ/log 10 S; Krebs 1989) . Because the Shannon-Weiner diversity index is based on proportional abundance of each species in a community S HЈ ϭ Ϫ p log p i 1 0 i iϭ1 (where p i ϭ proportion of total sample belonging to ith species; Krebs 1989), it is reasonable to assume that HЈ and JЈ are highly correlated, and it would be redundant to use both measures. As a result, we used diversity (HЈ) initially to establish a relationship between abundance and diversity and to subsequently discuss how the 2 components of diversity (species richness and evenness) were influenced by the changing abundance of prairie voles and cotton rats.
Data analysis.-We employed 2 strategies to address the role that fluctuations in the abundance of prairie voles and cotton rats had in local community diversity. First, we examined the relationship between species richness and abundance of each species separately, using Spearman rank correlations. Second, we determined the amount of variation in total community evenness, explained by changes in the abundance of either species independently, using least squares linear regression (total community evenness ϭ evenness calculated with all species in the community). We also ran linear regressions using evenness measurements in which the species in question (either prairie voles or cotton rats) was removed (nonvole and nonrat evenness, respectively). This analysis removed the influence of the fluctuations in abundance of the species in question on the evenness measurement and should have revealed any effect the species had on the abundance of other community members. Having these different measurements of evenness (with and without a specific species) should have allowed us to determine whether any significant patterns seen in the total community evenness were biologically meaningful or simply the arithmetic results of the index used.
To determine the significance of temporal scale on the interpretation of patterns from this long-term data set, we first searched for seasonal patterns over the entire 10-year period. Seasons were defined as winter: January-March; spring: April-June; summer: July-September; and autumn: October-December. We then partitioned the data set into two 5-year blocks (April 1989 -March 1994 and April 1994 -March 1999 and five 2-year blocks (April 1989 -March 1991 , April 1991 -March 1993 , April 1993 -March 1995 , April 1995 -March 1997 , and April 1997 -March 1999 , and analyzed the data in each block, using the regression method outlined above. Because we did multiple tests, a sequential Bonferroni adjustment of the probability of type-I errors was performed (Sokal and Rohlf 1995) . We then examined these results for consistency among similar time intervals and as temporal scale decreased.
Time-series data can exhibit autocorrelation, violating the assumption of independence in regression analysis. In order to address this issue, we ran autocorrelation analyses on our time series, reduced our samples to quasi-independent subsets (seasonal, rather than monthly, sampling intervals), which produced negligible correlations among residuals, and we then reanalyzed the data. Results of these analyses were similar to the original results, but with smaller samples, and, for the sake of brevity, are not presented.
RESULTS
Fluctuations in the abundance of prairie voles and cotton rats differed in their association with community diversity (HЈ). Diversity was associated negatively with prairie vole abundance over the entire 10-year period (slope ϭ Ϫ0.004, R 2 ϭ 0.270, P Ͻ 0.001). The negative relationship resulted from vole abundance influencing total community evenness but not evenness FIG. 1.-Associations between the size of populations of prairie voles (Microtus ochrogaster) and cotton rats (Sigmodon hispidus) and different measurements of evenness of a rodent community on the Nelson Environmental Study Area, Lawrence, Kansas, over a 10-year period (April 1989 -March 1999 . Measurements of evenness are total community evenness (which includes both species in the measurement), nonvole evenness (which has vole abundance removed), and nonrat evenness (which has cotton rat abundance removed).
of the community exclusive of voles (Fig.  1) . Cotton rat abundance, however, was not related to diversity over the 10-year period as a whole (R 2 ϭ 0.017, P ϭ 0.164). When examining components of diversity at different temporal scales, a more detailed picture emerged. Over the entire 10 years, species richness was associated positively with abundance of both species (Table 1), with the strongest relationships in spring for voles and in spring and summer for cotton rats ( Table 2 ). The association between species richness and prairie vole abundance, however, was weak (r s ϭ 0.176), and varied inconsistently across temporal scales (Table 1) . Species richness was associated positively with cotton rat abundance for the entire 10-year period, the final 5-year period (1994) (1995) (1996) (1997) (1998) (1999) , and 1 of the 2 final 2-year periods (1995-1997; Table 1) when cotton rat populations were declining (Fig. 2) . Species richness, however, was associated negatively with cotton rat abundance from 1993 to 1995 when cotton rat abundance was relatively high (Table 1 ; Fig. 2) .
Abundance of prairie voles had a consistent effect on evenness across temporal scales, whereas the effect of cotton rat abundance on evenness varied temporally. Despite a negative association between prairie vole abundance and total community evenness over the 10-year period (R 2 ϭ 0.444, P Ͻ 0.001), vole abundance was not related to nonvole evenness (R 2 ϭ 0.001, P ϭ 0.760; Fig. 1 ). The pattern did not vary seasonally (Table 2) or across temporal scale (Table 1) . Consequently, changes in vole abundance had consistently little or no influence on the relative abundance of other community members (Table 1) . Cotton rat abundance also had little effect on either total community evenness or on nonrat evenness over the 10-year period (Fig. 1) . Changes in cotton rat abundance explained only 4% of the variation in nonrat evenness despite the regression being significant (slope ϭ Ϫ0.001, R 2 ϭ 0.038, P ϭ 0.035; Fig. 1 ). Despite lack of an association be- TABLE 2.-Seasonal patterns for the association between species richness and Shannon-Weiner evenness with the abundance of prairie voles (Microtus ochrogaster) and cotton rats (Sigmodon hispidus) for a grassland rodent community. Terms nonvole and nonrat refer to evenness measurements with respective species removed from the calculation. Slopes for regressions are given if they were significant after sequential Bonferroni adjustment. Spearman's rank correlation coefficients and the respective P-values are given for the association between species richness and abundance. tween cotton rat abundance and either measurement of evenness over a 10-or 5-year period, changes in both measurements of evenness were associated negatively with population fluctuations during two 2-year intervals (Table 1) when cotton rat abundance was highest (Fig. 2) . From 1991 through 1995, both nonrat evenness and to- tal community evenness were related negatively to cotton rat abundance (Table 1) . Within this 4-year period, the negative influence of cotton rat abundance on community evenness was seasonal, with significant effects on the evenness of other community members (nonrat evenness) in autumn (slope ϭ Ϫ0.002, R 2 ϭ 0.575, P ϭ 0.004) and in winter (slope ϭ Ϫ0.010, R 2 ϭ 0.760, P Ͻ 0.001).
DISCUSSION
Although prairie voles were numerically dominant in this community, changes in their abundance had no influence on diversity of the nonvole community, contrary to our predictions and previous studies of ecological dominance and diversity (Anthony et al. 1981; Huston 1979; McNaughton and Wolf 1970; Rose and Birney 1985) . The temporally consistent, negative influence that vole abundance had on diversity (HЈ) and total community evenness (JЈ) appears to be a result of numerical fluctuations of voles independent of other community members (Tables 1 and 2 ). This lack of influence is noteworthy given the numerous studies that have shown microtines to have a significant impact on the abundance and presence of other rodent species (Blaustein 1980; Diffendorfer et al. 1996; Gaines et al. 1992; Heske et al. 1984; Redfield et al. 1977; Swihart and Slade 1990) . One possibility is that prairie voles have less of an effect on community dynamics and structure than previously believed (Rose and Birney 1985) , despite their numerical dominance and influence on select species within the community.
The effect cotton rats had on the community did vary with temporal scale. We found no effect over the entire 10-year period, but species richness and evenness of other community members were associated negatively with the numbers of cotton rats during years of high density (Table 2 ; Fig.  2 ). These results indicate that cotton rats influence community diversity directly through their interaction with other community members. Local disappearance of cotton rats in the last 3 years of the study (Fig. 2) may have contributed to lack of an association between cotton rat abundance and diversity at larger temporal scales (Table 2). Thus, the 10-year results may represent a ''dampening'' effect on estimates of relationships from time periods when cotton rats are either at very low densities or not present at all.
Species richness was associated positively with both prairie vole and cotton rat abundance for the 10-year period (Table 1) , particularly during spring (prairie voles and cotton rats) and summer (cotton rats only; Table 2 ). This long-term seasonal pattern suggests that community members may respond similarly to long-term environmental variation (Brown and Heske 1990) . Primary productivity is high in spring and summer, leading to abundant resources and greater vertical structure and ground coverage of the vegetation, allowing potential coexistence and concomitant increases and persistence of the community members. In contrast, during high cotton rat density (1991) (1992) (1993) (1994) (1995) , cotton rats had negative influences on both total community and nonrat evenness in autumn and in winter, and on autumnal species diversity (r s ϭ Ϫ0.773, d.f. ϭ 10, P ϭ 0.003) when resources might have been less abundant. As the largest member (ϳ100 g) of the community, cotton rats could exhibit a strong influence on populations of smaller-sized community members. For example, western harvest mouse (R. megalotis) and deer mouse (P. maniculatus) are the 2 smallest members of the rodent community (ϳ12 and 18 g, respectively), and were associated negatively with cotton rat abundance during years of high density (r ϭ Ϫ0.204, d.f. ϭ 45, P ϭ 0.050 and r ϭ Ϫ0.233, d.f. ϭ 45, P ϭ 0.021, respectively). Harvest mouse abundance was also associated negatively with cotton rat abundance over the entire 10 years (r s ϭ Ϫ0.221, d.f. ϭ 116, P ϭ 0.004).
Despite total community evenness being associated negatively with vole abundance, changes in vole abundance did not affect the relative abundance of other community members (Tables 1 and 2 ). If measurement of total community evenness or diversity (HЈ) were used, the misleading conclusion that voles reduced diversity through interactions with other community members could be drawn (Anthony et al. 1981) . Consequently, our results raise a cautionary flag to the use of diversity or evenness measurements, which include numerically dominant species for studies addressing the relationship between diversity of a community and dominant species (Anthony et al. 1981) . More appropriate means of addressing the relationship would be to use a diversity index independent of relative abundance, such as species richness, or to remove the species in question from the measurements. Removing the species in question from the measurement can establish whether an association between overall community diversity and abundance has a biological meaning or is merely an arithmetic artifact.
The scale (either temporal or spatial) at which a study is conducted can have profound effects on conclusions drawn about ecological processes and patterns (Farnsworth 1998; Hoekstra et al. 1991; Menge and Olson 1990; Weins 1977 Weins , 1989 . In our study, cotton rat abundance was associated negatively with relative abundance of other community members and species richness during a short period of peak abundance (1991-1995; Table 2 ; Fig. 2 ). Any study conducted before, after, or including only a part of this time period would have missed this interaction between cotton rats and other community members (Table 2) , leading to the conclusion that community diversity was unaffected by changes in cotton rat abundance. Alternatively, interpretations of results based on this 4-year period could also be misleading, resulting in the conclusion that cotton rats have a profound effect on community structure, when in fact their populations are typically too low to affect the rest of the community ( Fig. 2; Table 2 ). This example highlights the importance of long-term studies and the necessity of considering a variety of temporal scales within the larger time frame to obtain a detailed picture of ecological patterns and processes acting within the community.
The spatial scale of a study also influences interpretation of ecological patterns and processes. Although this study spanned 10 years (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) , it involved a single site. Consequently, our interpretations are restricted to this site. Generalized statements about the role of numerically dominant species in community diversity beyond this single community require additional studies.
